specific sites along the entry pathway may lead to a stepwise shedding of capsid proteins and, at the same time, help the incoming virus to overcome the various cellular barriers on its way to the site of replication.
(2) The virus itself may remain unchanged between the moment of release and entry into a new cell, but the cells may be different. For example, a cellular uncoating factor could be present in an uninthe capsid, which may be covered by additional layers of protein or membrane.
Before the genome of the incoming virus can be replicated in a new host cell, it has to undergo uncoating. Most of the interactions established during virus assembly must be reversed, and the particle has to be dismantled.
How does uncoating occur, and what triggers it? Does uncoating simply represent a reversal of the assembly process? Does it involve degradation of structural components? Does it take place at specific intracellular sites? To what extent are cellular factors involved? In this short review, we discuss emerging concepts in the uncoating of animal viruses, focusing on a few well-studied virus families. For more detailed accounts of specific viruses, see earlier reviews on uncoatingl-s.
General solutions to the uncoating paradox
A virus capsid is assembled as a stable structure in the cytosol or nucleus of an infected cell. Moments after infecting a new cell, on reaching the cytosol or nucleus, it uncoats and releases the packaged genome. To explain this dramatic change in capsid stability on transfer between two homologous environments, three general possibilities can be considered.
(1) The virus particles may be structurally modified after they leave their host cell, and thereby 'primed' for disassembly when entering the cytosol of a new cell. This principle is probably the most common one, as illustrated by adenovirus and influenza virus (see below). The signals that cause the changes may include binding of the virus to its surface receptor(s) or exposure of the incoming virus to low pH in the endosomes. Reducing conditions, low calcium concentrations and interactions with cytosolic receptor molecules may also provide cues for uncoating. Studies with adenovirus, rhinovirus, influenza virus and reovirus indicate that several, sequential signals may be needed for a virus to go through the entire uncoating program6-lo. Such sequential signals received at fected cell, but become inactivated during the course of an infection, thus allowing virus assembly at later stages of the replication cycle. Such a mechanism seems, at least in part, to be responsible for uncoating of alphaviruses'.
(3) Assembly and disassembly may be spatially separated.
In other words, while exiting from an infected cell, a virus may pass through a different set of compartments from that encountered by incoming viruses, thus circumventing conditions that would cause dissociation.
It remains to be demonstrated whether this applies to any viruses. Interaction with the receptor causes a change in the overall physical properties of the picornavirus particle, which undergoes a so-called 'eclipse'. This results in reduced stability and increased affinity for membranes, and makes the particle competent to penetrate and uncoat. The modified particle, as it is hydrophobic, probably embeds itself in the plasma or endosomal membrane, and releases its RNA through the memEndosomal pH as an uncoating signal brane into the cytosol. Membrane penetration and RNA uncoating are probably intimately connected events.
Role of receptor binding in uncoating
The shedding of VP4 from poliovirus particles can be induced with isolated membranes or purified receptors in ~&ro"~~*. The viral RNA, however, can only be released with high salt or sodium dodecyl sulfate, or by interaction with whole cells, indicating that free receptors are not sufficient to induce the complete uncoating process. Similarly, in the case of rhinoviruses, interaction with receptors only triggers a partial conformational change: exposure to low pH is also needed to trigger additional changes in the particle necessary for cell entry and infection6J0.
Adenovirus 2 has been shown to undergo an initial uncoating event immediately after association with the cell surface. It needs two receptors to enter cells; one interacts with the fibers on its surface and another with the penton-base proteins19,20. Soon after the penton binds to an integrin receptor, the fibers are released from the virus particle* (see Fig. 1 ). Structural changes have also been well documented for enveloped viruses, such as human immunodeficiency virus type 1 (HIV-l) and Sindbis virus2' (for review, see Ref. 22) . HIV-1 binding to CD4 causes the gp120 subunit to be lost, and may expose the fusion-active, membrane-bound subunit, gp41.
Viruses penetrate the cytosol either directly through the plasma membrane or, after endocytosis, through the limiting membrane of endosomes. The low endosomal pH has long been known to trigger penetration of many enveloped viruses, such as orthomyxoviruses, togaviruses, rhabdoviruses and bunyaviruses (for review, see Ref. 23) . The low pH induces conformational changes in the fusion proteins present in the viral membranes, which activates their intrinsic fusion activity (see Fig. 2 ). Since enveloped viruses shed their lipid envelope in the process, fusion can be considered to be the first uncoating event. However, the term is generally reserved for the dismantling of the capsid and release of the genome.
The endosomal pH has also been implicated as a trigger in the penetration and disassembly of several nonenveloped viruses, including adenoviruses, reoviruses and rhinoviruses6,24,2s. Adenovirus is known to have an acid-activated, membrane-lytic activity. When the pH is lower than 6.5, adenovirus particles become increasingly hydrophobic and bind to membranes (for review, see Ref. 25) . Endosomes are efficiently lysed by the incoming virus particles, which escape into the cytosol. The lysis is thought to be mediated by either of two capsid components, the hexons or the penton-base proteins*,25,26 (see Fig. 1 ). Low endosomal pH may also be an important factor in triggering capsid uncoating. This is best illustrated The virus binds to sialic-acid-containing cell-surface receptors and is internalized by receptor-mediated endocytosis (step 1)4g. In the endosome, the M2 protein, an acid-activated cation channel, is thought to allow acidification of the capsid, thus priming it for uncoating (step 2)30. Low endosomal pH triggers a conformational change in HA that leads to fusion of the viral and endosomal membranes (step 3)50. The RNPs are released into the cytoplasm dissociated from Ml, and quantitatively imported into the nucleus across the pore complexes (step 4)27. The Ml protein enters the nucleus independently of the RNPs, and probably shuttles between the nucleoplasm and the cytoplasm (step 5). by influenza viruses (Fig. 2) . The current hypothesis, largely based on indirect data, suggests that low pH is not only responsible for the hemagglutinin-mediated membrane fusion reaction, but also for the disassembly of the capsid 2,27. A key player here is the M2 protein, which forms proton channels in the viral membrane28-30. The protons entering through these channels are thought to acidify the capsid and dissociate some of the interactions that hold it together. When fusion occurs, the eight ribonucleoproteins of influenza virus are released individually into the cytosol, free of other viral components, such as the previously tightly bound matrix protein Ml. In the Ml-free form, the ribonucleoproteins can enter the nucleus for replication27,31. Amantadine, a prophylactic drug against influenza A, blocks the M2 channel in susceptible virus strains28-30. It thus prevents the disassembly of the viral capsids and blocks their transport into the nucleus27,32. Amantadine is one of the first antiviral drugs available that act by preventing the uncoating process.
A similar principle of low-pH-activated uncoating has been suggested recently for Semliki Forest virus, an alpha(toga)virus.
This model proposes that endosomal protons penetrate into the capsid via nonspecific pores formed by the spike glycoproteins33.
However, since acid treatment of viruses does not result in any detectable conformational change in the nucleocapsids as visualized by X-ray solution scattering34, and nucleocapsids isolated without exposure to low pH are infectious when microinjected into cells35, we do not think that this model is likely to be correct. The weight of evidence favors an alternative mechanism of uncoating, which we discuss below.
Uncoating in the cytosol
For most viruses, the uncoating of capsids takes place in the cytosol. This is true not only for viruses that replicate in the cytosol, such as rhabdoviruses, paramyxoviruses, togaviruses and poxviruses, but also for many that replicate in the nucleus. Influenza, adenoviruses and herpesviruses belong to the latter category. They must uncoat in the cytosol because their capsids are too big to pass through the nuclear pores, which have a functional maximum diameter of about 28 nm (Ref. 36) . Furthermore, influenza virus has a segmented genome, which is probably necessary for effective nuclear import. Other viruses, such as oncogenic retroviruses, that have not evolved mechanisms for passage through the nuclear pores, have to wait for temporary nuclear envelope breakdown during mitosis to integrate their genome into the host chromosome and become replication competent3'. This effectively restricts the tropism of most retroviruses to dividing cells.
The best-characterized example of a cytosolic uncoating process is provided by Semliki Forest virus and Sindbis virus, two closely related alphaviruses (for reviews, see Refs 3, 38) . Like influenza virus, they take advantage of low pH as a signal to fuse with endosomal membranes and release their capsids into VOL.
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the cytosol. In vivo and in vitro studies have shown that they rely on an efficient uncoating factor present in the cytosol for uncoating',39. Within l-2 min of entering the cytosol, the majority of capsid proteins have been removed from the capsids. They are bound to the 28s RNA of the large ribosomal subunit in a stoichiometric fashion. The process of capsid protein transfer to ribosomes is necessary and sufficient to uncoat the viral RNA39. The RNA remains bound to the cytosolic surface of the endosomal membrane, where subsequent translation, transcription and replication occur.
Adenovirus undergoes most of its uncoating in the cytosol. As discussed above, its stepwise dissociation starts on the cell surface or in early endosomes, and continues after acidactivated penetration into the cytoplasms. When they enter the cytosol, adenovirus 2 particles are still relatively intact, containing DNA, hexons and most of the proteins that stabilize the capsomer structure. Many of these proteins are eliminated, either by proteolysis or dissociation, resulting in a stripped-down virus particle that associates with the nuclear pore complex (Figs 1 and 3) 8,40. It releases its DNA through the aqueous channel of the pore complex into the nucleoplasm, and the remaining empty capsid then disassembles. data on early virus-cell interactions is difficult, because signals are often low and not every cell-associated particle in a population is necessarily following the infectious pathway. It is increasingly clear, however, that virus entry, penetration and uncoating are efficient processes amenable to biochemical analysis (for examples, see Refs 8, 31, 39, 46, 47) . Depending on the complexity of the virus and its intracellular targeting, viruses seem to have evolved rigorous entry and uncoating programs, in which each step is not only efficient, but also tightly regulated by signals received from the cell.
Proteolysis as a factor durlng uncoating
Although most of the structural proteins of incoming viruses eventually get degraded, the proteolysis of major capsid proteins is usually too slow to explain uncoating 8,31,39. Limited proteolysis of specific viral components may, however, play a central role. Such proteolysis has been implicated as an important uncoating step in the entry to cells of reovirus41,42. Cleavage of the external ~1 protein generates the first intermediate, a subviral particle, which can penetrate the cell. Cleavage exposes amphipathic a helices that can interact with the endosomal membrane, in a mechanism similar to the acid-induced fusion reaction of enveloped viruses 41,43,44. Further proteolysis and penetration into the cytosol give rise to the second uncoating intermediate, in which the RNA is uncoated and transcriptionally active'. Selective proteolysis may also be important during the uncoating of vaccinia virus. A virus-encoded uncoating factor, acting in the cytoplasm after virus fusion with the plasma membrane, has been shown to possess a trypsin-like protease activity45.
Perspectives
After almost three decades of morphological and biochemical studies on virus entry, the mechanisms of uncoating are just starting to be explored. Interpreting The analysis of virus uncoating requires the integration of virological approaches with methods from structural and cell biology. Important insights come from the determination of virus structure and composition, analysis of the assembly process, identification of functional surface receptors, elucidation of the entry pathway, morphological and immunocytochemical localization of viral components, and from studies using inhibitors and mutants. As a virtually unexplored area in molecular and cellular virology, uncoating will, no doubt, become a more central research topic in future years. The capacity to uncoat will probably prove to be an important determinant for cell tropism and pathogenicity of viruses, as well as an important issue in the development of safer and more efficient recombinant virus vectors for gene therapy.
